Abstract Based on recent theoretical studies, we designed a multistep experimental protocol to understand the impact of environmental conditions around Pt nanodeposits on membrane chemical degradation. The first experiment probes the local potential at a Pt microelectrode for different rates of permeation of hydrogen and oxygen gases from anode and cathode side. The subsequent degradation experiment utilizes the local conditions taken from the first experiment to analyze local rates of ionomer degradation. The rate of ionomer decomposition is significantly enhanced in the anodic H 2 -rich membrane region, which can be explained with the markedly increased amount of H 2 O 2 formation at Pt nanodeposits in this region.
Introduction
The viability of polymer electrolyte fuel cell (PEFC) technology for transportation applications is critically dependent on the durability of the polymer electrolyte membranes (PEM). The PEM fulfills key functions in PEFCs as electronic insulator, gas-separating medium, and proton conductor [1] . Understanding the PEM degradation problem is particularly important for next-generation heavy duty fuel cell stacks for buses that demand an operational lifetime of at least 20,000 h [2] .
The chemical degradation of PEM is accelerated by conditions such as low relative humidity (RH), high temperature, and high cell voltage [3] [4] [5] . The problem is aggravated by the excessive thermal and humidity cycling as seen in accelerated degradation tests [6] . Chemical degradation of PEM causes a decrease of the ionomer molecular weight, a loss of ion exchange capacity, and membrane thinning [7] . These structural changes result in measurable changes of the proton conductivity, and they facilitate membrane failure triggered by the formation of pinholes and cracks [8] [9] [10] .
Deposits of Pt in the membrane (PITM), which originate from Pt dissolution in the cathode catalyst layer [11] , play an important role in membrane chemical degradation. Chemical degradation is linked to the attack of the weak bonds in ionomer side chains by radical species. The main type of radical species, hydroxyl radicals, is formed by the reaction of hydrogen peroxide, H 2 O 2 , at impurities such as Fe 2+ [12, 13] , which are present in small amounts due to the dissolution of end plates in contact with humidified oxygen and hydrogen [14] [15] [16] . H 2 O 2 -the main chemical compound responsible for chemical PEM degradation-is the product of surface reactions of H 2 and O 2 at PITM [17] [18] [19] [20] [21] [22] [23] .
The net rate of H 2 O 2 formation at PITM depends on the size, shape, and distribution of Pt nanoparticles in the membrane and local reaction conditions around particles, determined by temperature, electrical potential, reactant concentrations, pH, and RH [12] [13] [14] [15] [16] [17] [18] [24] [25] [26] [27] [28] [29] [30] [31] .
The permeation of reactant gases leads to concentration profiles of H 2 and O 2 that determine the distribution of the electrical potential in the PEM, essentially forming two distinct potential regions [32] . In the anodic region, with a high ratio of H 2 to O 2 concentration, the electrical potential is close to the equilibrium potential of the hydrogen oxidation reaction (HOR). In the cathodic region, with a high ratio of O 2 to H 2 concentration, the electrical potential settles in the potential range of 0.8 V vs. reversible hydrogen electrode (RHE). The width of anodic and cathodic regions depends on the ratio of partial pressures of H 2 and O 2 at the PEM boundaries as well as the gas diffusivities in the membrane [32] .
It was seen that the chemical PEM degradation, indicated by the fluoride emission rate (FER), was higher when particles were of cubic shape [27] . In contrast, irregular structures such as treelike, curly dendritic, and star-shaped particles exhibited lower FER [27] . The authors in [27] assumed that the larger surface area fraction of Pt(111) facets of the structured particles leads to a higher catalytic activity toward peroxide quenching [27] . Regarding the particle distribution, it was reported that chemical degradation was lower when particles were densely distributed [26, 31] . Furthermore, it was observed that Pt in the anodic region causes higher peroxide formation and higher FER than Pt in the cathodic region [18, 19, 31] .
Different electrochemical conditions around PITM influence the reaction pathway of oxygen reduction at Pt deposits. Experimental studies [34] [35] [36] [37] [38] [39] , as well as a recent density functional theory (DFT) investigation [33] , revealed that the formation of H 2 O 2 is enhanced at hydrogen-covered Pt surface that is expected to occur in the anodic region of the PEM.
In the past, the effects of Pt particle shape, particle density, and local reaction conditions around nanodeposits have been studied in separation only and not concurrently. In most studies, the extent of work did not allow to control and vary all three conditions simultaneously. Therefore, they poorly reflect the processes that occur under real operation. For example, on the one hand, studies exploring the impact of the PITM distribution did not take into account the influence of the electrochemical environment [20, 26, 30, 31] . On the other hand, studies of the electrochemical environment did not consider the impact of the PITM distribution [18, 19] . However, due to the reported correlated effects of all three conditions, it is necessary to control them simultaneously to obtain complete and representative results.
This paper presents results of a two-step validation experiment that corresponds to a stepwise theoretical approach presented in refs. [32, 33] . The combined experimentaltheoretical approach is displayed in Fig. 1 . In brief, in the first step, the local electrostatic potential at Pt deposits in the membrane was calculated using a continuum model of reactant crossover in the membrane coupled with local electrochemical reactions at Pt deposits [32] . Given the local potential obtained from this model, the surface adsorption state of Pt was identified, using pertinent experimental data. Thereafter, DFT calculations were performed for a model system of a Pt(111)-water interface to study the oxygen reduction reaction (ORR) in view of the propensity for the formation of hydrogen peroxide. These DFT studies were performed at three surface adsorption states of Pt that corresponded to the local electrode potentials identified in the continuum model [33] . It was found that in the low potential region, the rate of the 2 e − reduction of O 2 to H 2 O 2 is strongly enhanced due to kinetic inhibition of the 4 e − ORR [34] .
Consequently, this paper focuses on the impact of electrochemical conditions at PITM, distributed as a band consisting of cubic particles, on chemical degradation in PEMs. Following the logics of theoretical studies, the first experiment serves to determine the local electrical potential at PITM as a function of H 2 and O 2 concentrations at the PEM boundaries. For this purpose, a PEM was prepared with a Pt microelectrode embedded into it and the external reactant concentrations were varied. In the second step, a PEM with a narrow band of PITM was held under specific electrochemical conditions to maintain either anodic or cathodic reaction conditions at the position of the Pt band. In this configuration, the FER was measured to quantify the extent of PEM degradation.
Experimental Details
A multilayer PEM with an embedded Pt microelectrode was prepared according to the method described in refs. [16, 40, 41] . Six membranes were stacked in series to form a multimembrane unit (MMU) with a nominal thickness of 200 μm. The Pt wire electrode of 40 μm diameter was placed between the two central membranes. For sensing the Pt potential, each end of the Pt wire was soldered to an isolated copper wire which protruded from the electrolyte. Subsequently, the MMU together with the Pt microelectrode were hot pressed as described below. The general configuration of this cell is shown in Fig. 2 . The usage of several membranes was necessary to increase the ratio between the electrolyte thickness and the diameter of the Pt wire in order to achieve a sufficient spatial resolution for potential sensing.
The membranes used were chemically stabilized Nafion® NRE-211CS (25 μm thick, DuPont) and NRE-212CS (50 μm thick, DuPont), with a size of 65 × 65 mm. The duplicate contacting of the wire not only yielded a backup contact for potential sensing but also allowed checking for contact problems such as breaking of the mechanically weak Pt wire.
The electrode attached on the anode side of the membrane served as both counter and reversible hydrogen electrode. The membrane was coated beforehand with a catalyst layer at an area of 25 cm 2 by dry spraying [42] and hot pressed with a supporting gas diffusion layer (Sigracet GDL 25 BC, SGL Technologies GmbH) for 5 min at 160°C with 700 N cm . For operating this cell, it was equipped with an additional gas diffusion layer (Sigracet SGL-BC25) on the oxygen side and gaskets (Freudenberg FC-PO, 350 μm thick) on both sides. This assembly was sandwiched between two cell holders, which were bolted together with a tightening torque of 3 Nm. The flow field in the cell holders had a single serpentine channel. Both cell holders were arranged in co-flow configuration. The cell was operated in a test station at 80°C. For gas humidification, humidifiers were used which allowed the control of the humidity level by adjusting the dew point temperature. The dew point temperature was set to 76°C. H 2 and O 2 /air were fed to the cell, each with a flow rate of 100 sccm. The concentration of H 2 and O 2 at the Pt microelectrode was varied by controlling the reactant pressure at the inlet of the cell holder. The electrical potential of the Pt microelectrode vs. RHE was measured with the potentiostat IM6 (Zahner Elektrik).
The degradation experiment was performed with four cells containing an MMU but differing regarding the presence of PITM and catalyst layers. The four configurations were MMU without PITM, MMU with PITM, catalyst-coated MMU (CCM) without PITM, and CCM with PITM (see Fig. 3 ). In cells without PITM, pristine membranes were used whereas in cells with PITM, the central membrane of the MMU contained PITM, which was deposited beforehand in a process described in the next section. The optional catalyst layers were prepared with Pt black as described above. This catalyst was selected due to the relatively large crystallite size of its Pt particles of around 9 nm, which improves its thermodynamic stability. Therefore, additional Pt deposition from the catalyst layers during operation was avoided [31] . The MMU was hot pressed with gas diffusion layers (GDL) on both sides (Sigracet GDL 25 BC, SGL Technologies GmbH) for 5 min at 160°C with 700 N cm
For operation in the test station, the cells were mounted in the test station as single cells via cell holders as described above. In the degradation test, the cells were operated at different settings of reactant pressures, which yielded either a low or high potential of the PITM. The settings were chosen based on the results from experiment with the Pt microelectrode and kept for 24 to 70 h each. To check for reproducibility, the settings were repeated. The cell temperature was set to 80°C. H 2 and O 2 were fed to the cells with equal flow rates of 40 sccm at 76°C. The cells were not electrically connected, which means that current or voltage was not controlled. During the degradation test, condensate water from anode and cathode side was collected in polyethylene bottles for analysis of fluoride emission.
For obtaining a blank, i.e., uncoated, membrane containing typical Pt precipitations, Pt was deposited from the catalyst of a single-side catalyst coated membrane (geometric electrode area: 5 × 5 cm, IP111, Ion Power, Inc.) into a blank Nafion ® membrane (size: 6.5 × 6.5 cm, NRE-212CS, DuPont) under fuel cell operating conditions. For this, the membranes were arranged to each other so that the catalyst layer of the IP111 was facing the blank membrane. In order to increase O 2 transport across the IP111 membrane to the catalyst layer, the catalyst-coated membrane was perforated with a scalpel beforehand. The combined membranes were sandwiched between GDL, which was the Sigracet GDL 25 BC (SGL Technologies GmbH) on the side of the IP111 and a Sigracet GDL 25 BA (SGL Technologies GmbH) on the side of the NRE-212CS. The latter GDL was used because it did not include a microporous layer. Thereby, the contamination of the membrane by deposition of carbon from the MPL was avoided. The arrangement of the membranes is shown in Fig. 4 . This cell was then assembled in the same way as described above and operated in the test station for 64 h at OCV. As in the other experiments, the cell temperature was set to 80°C and the temperatures of the humidifiers to 76°C. For dissolving the Pt in the catalyst layer, 50 sccm O 2 was supplied at 150 kPa to the side of the catalyst-coated membrane. The Pt ions in the blank membrane were reduced to metallic Pt by feeding 50 sccm H 2 with 110 kPa to the membrane. After the preparation of the PITM membrane, the NRE-212CS membrane (containing now PITM) was separated from the CCM and rinsed for 4 h in demineralized water which was heated to 60°C and stirred in a beaker with a speed of 500 rpm. After drying the membrane between precision wipes (Kimtech, Kimberly-Clark), it was ready for usage as the PITM membrane in a MMU for the degradation experiment.
Membrane decomposition was measured based on fluoride ion concentration, c F− [μmol F− l ]. The membrane cross sections were examined with SEM to determine the position of the PITM and the distribution of Pt particles (Table 1) . Samples with a width (i.e., cross-sectional length) of approximately 3 mm were cut from the CCM and MMU with PITM after operation in the test station. For preparation of cross sections via freeze fractioning, GDLs were removed from the samples, which were then immersed in liquid nitrogen and broken. SEM measurements were conducted on an ULTRA plus (Zeiss Corp.) scanning electron microscope. The images were recorded based on secondary electrons (SE) and backscattered electrons (BE) at 3 or 5 kV. The resolution of the SEM was 1.0 nm at 15 kV and 1.7 nm at 1 kV. SEM micrographs were analyzed with the ImageJ 1.46r software (National Institutes of Health) to determine the number of single Pt particles as well as their position and area. Based on these data, the equivalent particle diameter and the nearest neighbor distance were calculated for each particle. For each membrane electrode assembly (MEA) sample, the single values of diameter and distance were averaged. Furthermore, the particle density, i.e., the ratio of the image area covered by particles to the total image area, and the particle intensity, i.e., the number of particles in the total image area, were determined.
Results and Discussion
Dependence Between Reactant Concentration Ratio and Electrical Potential at PITM As discussed in ref. [32] , the local mixed potential at a Pt nanoparticle, considered as a nanoelectrode in the PEM, is caused by both the HOR and the ORR proceeding simultaneously at the particle surface. For a Pt nanodeposit at position x from the anode side in the PEM, if the limiting current density of the HOR is greater than that for the ORR, the HOR is controlled by reaction kinetics and the ORR is diffusion limited; in this case, the mixed potential remains close to the equilibrium potential of the HOR. On the other hand, if the limiting current density of the HOR is smaller than that for the ORR, then the HOR is diffusion limited and the ORR is kinetically controlled; in this case, the mixed potential is shifted toward the equilibrium potential of the ORR. The transition between the two cases occurs at the position where limiting current densities of HOR and ORR are equal; in this case, the current density at the particle is independent of potential. This corresponds to a step-like change in potential profile at a position, x 0 , which can be obtained as [32] 
where β =
is experimentally reported as 0.38 ± 0.05 at 100% RH and 65°C [29] ; l is the membrane thickness; P In Fig. 5 , x 0 is shown as a function of the relative pressure of oxygen and hydrogen at the membrane boundaries. As discussed, at the step position, the PEM is divided into a low potential region (between the anode and the step) and a high potential region (between the step and the cathode). When the microelectrode is positioned at x = 0.5, as it is the case in our experiment, for P
<1.3, it should be exposed to anodic conditions with a potential close to the equilibrium potential of the HOR. In contrast, at higher pressure ratios, cathodic conditions should be induced resulting in a potential value that lies in the range of 0.8 V vs. RHE. Therefore, from Eq. (1), the local reaction condition around Pt nanodeposits in the membrane, determined by various pressure settings, can be linked to the local potential of Pt nanoparticles.
The experimental data from our first experiment agrees well with this calculation of the potential step. As can be seen in Fig. 6 , the change between low potential and high potential conditions at the microelectrode is clearly visible as P 0 O 2 =P 0 H 2 changes from 1.15 to 1.46. This observed step-like change in electrical potential is also in good agreement with other studies [16, 40] as described in ref. [32] Based on the gained data, the following pressure settings are selected to locally obtain either low potential or high potential conditions at PITM in the second experiment, which is described in the next section: P 
Impact of Electrochemical Conditions at PITM on Membrane Degradation
Degradation tests were performed for cells of different configurations (with/without PITM, with/without electrodes), under the two pressure settings mentioned above. The FER data in Fig. 7 show that polymer decomposition is higher for PITM present under anodic conditions (P This observation is consistent with the expectation of a higher rate of H 2 O 2 formation at Pt nanodeposits that are held under anodic conditions, viz. in the H 2 -rich membrane region. Besides, our results obtained with a realistic PITM density and distribution case agree with studies in which the PITM distribution was not controlled [18, 19] .
Moreover, it can be noted that the FER values exhibited a stronger variation at cathodic conditions than at anodic conditions, especially for the membranes that contained PITM. The example of CCM with PITM shows that the FER values changed by 51% at cathodic conditions but only by 8% at anodic conditions. Obviously, the FER values at a given setting were influenced by the previous setting. Especially under cathodic conditions; it can be seen from the chronological order of settings in Fig. 7 that consecutive switching between anodic and cathodic settings, as in the case of the PITM CCM, led to convergence of the FER values of anodic and cathodic conditions to each other; whereas this effect was not observed when repeating the same setting, as in the case of the PITM membrane. To give an example, the FER value obtained at cathodic conditions was increased by an intermittent switch to anodic conditions, while a repetition of the cathodic setting caused a decrease of the FER value. A possible explanation for this could be the relatively slow removal of polymer fragments from the membrane due to the relatively high membrane thickness (200 μm). As a consequence of the slow transport, polymer fragments decomposed during a setting could have ended up in the condensate collected during the subsequent setting.
The effect that PITM increases membrane decomposition when formed as a typical Pt band during operation, as also proven in ref. [22] , is confirmed by the observation that cells with PITM had a higher FER than the PITM-free cells. The controversy as to whether membrane degradation is increased or inhibited by PITM, as discussed in refs [19, [24] [25] [26] [27] , might be related to the influence of particle morphology and particle density. In ref. [27] , an inhibiting effect on membrane degradation is observed, exerted by particles with a star or dendritic shape, which means particles with high proportion of Pt(111) surface facets. In contrast, inhibited degradation by Pt particles with cubic or spherical shape was not found. However, a correlation between degradation and PITM concentration as well as particle size is also indicated: the lowest degradation was observed for the membrane with the highest PITM concentration and the largest particles (~2 μm). As can be seen in the micrograph in Fig. 8 , Pt particles in cells that were tested in our study had cubic shape and were relatively small (~10 to 20 nm), which is consistent with the absence of an inhibiting effect of PITM.
In ref. [19] , the authors observed that the FER depends on PITM concentration. The dependence is non-linear; the FER is highest at low PITM concentration and decreases with increasing PITM concentration with the result that at 50 mol% Pt, the FER was 15% lower compared to 0 mol% Pt. According to this finding, PEM chemical degradation is clearly inhibited by PITM. It should be mentioned that in this case, PITM was deposited ex situ and throughout the whole membrane. An even stronger inhibiting effect was reported by Aoki et [43] ). In both studies, membranes were used, which contained uniformly dispersed PITM.
In our results, the influence of PITM was independent of the presence of electrodes as revealed by the comparative analysis of FER values seen in PITM cells with electrodes (CCM, PITM) and without electrodes (membrane, PITM). This observation is a clear indication that H 2 O 2 involved in membrane degradation had been formed at PITM and not at electrodes. In this aspect, our results differ from the observation of increased degradation due to the presence of electrodes [22] . This disagreement can be explained by the different catalysts used in both experiments. Whereas carbon-supported Pt was used in the electrodes of Hasegawa et al. [22] , unsupported Pt black was used in our electrodes. As reported in ref. [43] , hydroxyl radical formation is significantly lower if electrodes contain Pt black instead of Pt/C.
Higher degradation at Pt nanodeposits in the low potential region can be explained by the dependence on the rate of H 2 O 2 formation at Pt nanodeposits, which is enhanced in the anodic potential region, viz. at high catholic overpotentials. The potential determines the Pt surface adsorption state, which affects the reaction pathway of the oxygen reduction [33] . Under anodic conditions, for Pt particles in the H 2 -rich region of the PEM, the particle surface is covered with hydrogen; it is known that the 2 e − reduction pathway of oxygen that leads to significant H 2 O 2 formation is markedly enhanced in this potential regime, controlling the rate of radical-initiated chemical degradation [13] .
Conclusions
In this article, a two-step experimental strategy is presented to explore the role of environmental conditions around PITM, distributed as a band consisting of cubic particles, on ionomer decomposition in PEMs. In previous studies on this topic, PITM had been distributed widely throughout the whole membrane and thus O 2 -rich and H 2 -rich conditions existed simultaneously. In the work presented in this article, defined electrochemical conditions at PITM were ensured by depositing PITM locally and controlling the local electrochemical conditions. It was discussed that the step-like potential distribution at Pt nanodeposits divides the PEM into two regions, with low potential (~0 V) or high potential (∼0.8 V). The position of the potential step is governed by the ratio of the partial pressure of reactant gases at the membrane boundaries as well as the permeability properties of the PEM. This was validated in the first step, where the partial pressures of H 2 and O 2 at the membrane boundaries were varied in order to induce anodic or cathodic reaction conditions at a Pt microelectrode embedded into the membrane. In the second step, the effect of various pressure settings (or local potential at PITM) on radical-initiated membrane degradation was explored by measuring the fluoride emission rate as the descriptor of ionomer decomposition. Consistent with DFTbased modeling of Pt surface reactions, it was demonstrated that PITM located in the low potential region of the membrane leads to significantly higher ionomer decomposition rate as compared to the case where PITM is located in the high potential region. This effect is due to significant H 2 O 2 formation at hydrogencovered Pt nanodeposits in the low potential region.
On the practical side, findings presented in this article open up possibilities to suppress ionomer decomposition in PEMs by smart control of fuel cell operating conditions. Operating protocols should be devised that minimize exposure of Pt deposits in the PEM to hydrogen-rich conditions, i.e., hydrogen partial pressures should generally be kept low and lower than oxygen partial pressures. This could be particularly feasible during start-up and shut-down conditions.
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